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PRODUCTION OF POROUS ARTICLES 



The invention relates to the production of articles of controlled porosity. 



in our European patent B-0598783 (Agent's ref: P00914EP) there is described and 
claimed a method of making a porous refractory article composed of refractory 
particles, the method comprising the steps of: 

a) forming a dispersion comprising particles in a liquid carrier and 
containing a polymerisable monomeric material 

b) introducing gas into the dispersion, 

c) polymerising the foamed structure, 

d) drying, to remove the liquid carrier to provide a solid article 
having pores derived from the bubbles; and 

e) firing to remove the organic binder and to provide a ceramic bond. 



Preferably the monomeric material is selected to polymerise by cross linking, whereby 
the liquid carrier and ceramic particles are held within the polymerised structure. 

The method of this prior patent is arranged to produce a variety of useful articles such 
talyst supports, flame supports; gas filters; air fresheners; ceramic armour; diesel 
particulate traps; insulation materials; artificial parts for the body; metal filters, reusable 
filters; liquid filters; storage and transportation for flammable and/or toxic materials, 



as ca 




^ PCT/GB97/02705 
WO 98/15505 

tamidity severs, chromatography; filter candles for filtration of hot common gases, 
iUptagtas, membrane,, factory separators, phase dividers and eleOroly.es for high 
temperature fuel cells. 



k our patent publication WO95/30631 (PCT/GB95/01063, Agents Ref. P01204PCT) 
.tee is described and claimed a method of making a porous reftactory article, the 



method comprising the steps of: 



forming an aqueous dispersion of refractory particles including a polymerisable 
monomer component which on polymerisation generates an exotherm 



tdding a thermally activated gas generating substance 



adding agents such as initiator and/or catalyst to cause the polymerisation 

adjusting the temperature and/or pressure so that the gas generating substance 
generates the gas before or during the initial stage of polymerisation of the 
monomer component whereby the gas forms bubbles which under the heat of 
the exotherm interconnect to form an interconnected open pore structure. 

By controlling the temperature and pressure the decomposition rate of the gas 
generating substance is controlled. This in turn provides a means of controlling the 
density of the end product. 
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I, is one object of the invention to provide a method of making a porous article having 
controBed ievels of porosUy, totorconnectivhy, pore size, and mechanic*, properties 
suitable for use in various applications. 

In one aspect the invention provides a method of making a porous article composed of 
bonded particles, the method comprising the steps of: 



a) 



forming a dispersion comprising a liquid carrier and the particles and a 
polymerisable monomeric material; 
b) forming a foam of the dispersion; 
C ) polymerising the foamed structure; 

drying the structure to remove the liquid carrier and provide a solid 
article having pores derived from the bubbles, and 
firing the article to remove the organic binder and provide a ceramic 



d) 



e) 



bond 



prised in that smaU bubbles of gas are introduced in the dispersion wnh 
agnation ,o form ft. foam and are alowed or caused to coalesce Wore the 



polymerisation. 



Tbe dispersion comprises particles having an average particle size leas man about 
micrometres and preferably 95% of the particles will be less than about 2 micrometies. 
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If the pan* » .arger than «. - -1 *e par«es «d .0 — or sedhnen,. 

However, * P^cles - be much .arger, », .00 — or -* - — 
ease agenta * be pre- to conn* — sorting; p*— <- - — 
„ a *u«e ueans of preventing seuhng. The prides win be chosen according ,0 the 
mtm ded end use. As will be expfcined ,a,er, for tire preferred use hydroxyapatite . 
^ enher a,one or with other partide, The ofber particles can inCude bo* 
oxaes and non-oaidea »ch as ahunina, n-te. — carbide, sdicn nitride, zucooia, 
titanium oxide and the like. 

tte conren, of ,he sohds in .be draper^ - tend ,o be abour . 0% b y weigh, as a 
— and abou, ,0% by weigh, as a r— a preferred range is from abou, 
40% to about 80% by weight. 

C—y -he *» carrier is wa,er but it may he organic, e.g. a,coho,, glyco. or 
the like; or a mixture. 

„ order ,0 ^oduce a dispersion wuh the re„uhed sohds ,oadmg and a suitah* 
„ it is preferred ,0 add dispersing agents ,o the suspend The dispershrg 
agents are — y used tiuoughou, the ceranuc «ustry and suitah, agents in each 

1 n a in the art The colloidal stability may be 
case can be determined by the man sidled m the art. The 

♦ f th P nH in addition to or alternating to the dispersion 
controlled by the adjustment of the pH, in addition 

agents. 
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.. tvoe and concentration can have a 

controlled by the surface tension, the surfactant type an 

« hrtuence no, only on the leve, - PO^ — - «- - * * - 
to influence the Snal pore size. 

i™ * i< nossible to influence the rate of 
By controlling the theology of <he suspension « is poasth 

„ „ fc foam secure. A - — ' ~ ° 

coup,ed - a toW » > — - - *- ^ 

rapa * gro- fn con., a *nry * -> a Mgh egree^ 

* ***** » - - ^ ' - " Pid ^ 1 

p f ti« ev«tem increases the 

stable level As the bulk viscosity of the system incr 
although at an acceptable level. ™ 

controlling effect of the surfactant diminishes. 

V h influences the growth of the foam structure is the period before 
Another factor which influences ine gi 

• fon ThisperiodcanbecontroUedbytheadditionlevelsofthe 
the onset of polymerisation. Thispenoac 

t ntttne to teve ls as well as the oxygen concentration 
initiator and catalyst. By controlling these 

^een an .stantaneous polymerisation and one which starts after a period, which 
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„ a fcrther foam* of the — the proL of leasing — - 
« * engaged b, the apphcafion of a par*, vacuum » a mam before the 
command of po^^ umn after rhe end of poly*— At trie end of 
portion the foam is fcough. M - anaphoric pressure. H. 

a^na, step to *. foaming proeess can be used ,o increase rbe rare a, which the 

final desired large cell size can be achieved. 

k. nreaent e 8 viscosity conrrol agents, reinforcing fibres or 
Other additives may be present, e.g. i 

particles, retarders for polymerisation; and the like. 

U e torbb.es of gas may be inrroduced in any convenient way, aKhough the prefert* 
^ are hsted , our previous parent. The gas used for foaming can be a, 
allho ngh an inert foaming gas such as oirrogen or argon is preferted. To produce a 
f o,m with a .arge pore srrucrure and a high degree of porosity, one could either 
tottote bubbles of the correct size and cuanthy into the suspension or can, sn*r 
^.og.wbyaprocessof — . me .auer is preferted a, *e moment. 

fc order to produce the smah to.bb.es whhtn me foam mechanica. action is 
preferred. 

Om investigarions have shown rha, ft. s«ru«ure of .he foam can be brohen into four 
distinctly different areas: 



the cells or bubbles 
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the struts 

the windows, and finally 
the particulate microstructure 



These structures can 
explained as follows. 



he seen in Figure 1 of the accompanying drawings and are 



A number of cells c*. b* seen in rite ,eft hand photo in Figure 1 . Tbese eels are 
formed as a resuft of introducing a gaseous phase into the ceramic suspension. Where 
ftKe eeus touch there is a tendency for the cell to change shape to maximise the 
paddng density and for the star, to drain from rite point of con** towards the sriu, 
A stmt can be seen in the top right hand photo in Figure >. Tk. struts are the 

W*. Mock for the foam suture. « <* P- ° f — ^ "* - ' *" 
m ot hc^ ears* Mng rite Uter getting and binder hurnout steps this «hn .a 
re moveo to leave what we «H the ce« "Wows". These axe rite connecting boles 

„ .j,„h, dearlv seen in the left hand photo in Figure 1 . 
winch interhnk adjacent cells and can be clearly seen 

Tte final structure is that which forms rite cell walls and struts. 

„ „ a feamre of rite invenrion rita, the una. articles formed consist essential, of rite 
staIttag c^c nsterials onfy, so avoiding the need for the remova. of residua, 
SK ondary eg. inorganic binders. Tbe atride can thus consist of ingredients accept* 
for medica. use, e.g. as bone grafts for orritopaedic, surgW, dental and «he uses both 
for humans a*s anin* There wft. a,ways be a need to repUce bone W as a 
c „„ of — or non-traumaric events. Bone subacute materia, are 
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8 . . 

^ f r use These materials have been successfully used in 
available and approved for clinical use. mese 

— used, panic* — «- - — * * "~ ** " 

^ a ««. * , ^ of *- - <~ **» »~ 

« pore - .ess ,0 — « P"~ - * ^ *" ' " 10 

50 — r. — *»* pMe *" ° f 50 " ,5 ° ~ " 

resull „ „ st eo* — , a* pore .ea« *an .50 — f a*a,e *e 

^ o, — — «— *" *— *" 10 ^ "* 

, uv« wt, the cortical and cancellous bone. One 
the hydroxyapatite frame work within both the cortical 

ferial is based on the conversion of a coralline stmcture to hydroxyapatite material. 

• n takes Place Two corals were eventually selected exhibiting two 
before conversion takes place, iwu 

These two pore structures are intended to replicate the 
different pore structures. These two pore 

syntliate anic.es made by » -** -» * - » ^ " ***** °' * 

acceptability. 

— * * — ^ «*- .o W» - - 

^ up „ f . «, * — — - — » ' 

^ ce^c — - - — « *- * ^ ~~ 
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as hydroxyapame. .« * another feature of* invention « * to <"™ " 

"Bioglass" could bo converted in highly porous structures usiug tUs memod. 



The polymerisation preferably proceeds by crosslink of reactive organic monomers. 
Examples include acryfa.es, such as ammonium aoryfcte or hydroxyethy, merhacryfate; 
or the line. Preferably the monomers are dissolved in water or otber liquid carter to 
^ a pretmx sofudon. To .bis soiudon are added an inhiator and eitber beat or a 
^vs, are used to induce free radios! vinyl portion. In anotber variation, ft. 
aspersion includes a monosaccharide sucb as galaetose, which can » condoled ,o 
form a diner, trimer or polymer, to have the same effect. 



Ue foamed composition may be anowed or caused ,o acquire sufficient green strong* 
t0 abow » .o be moved from the paren, confer or mould. Tbo composition may be 
subjeoted ,0 drying ,0 drive off d. Bouid. * ,be case of warer, drying can be carried 
out below about 100% * an oven or using high frequency drying equipment. 



r»e pore sizes in the formed ar«e can be controUed ^* -*» » ' 
^eria, wim a pre-derenmned pore size and .eve, of mtercomteCivity. The true 
porosity may range from about 20% to about 95%. The articie formed is relatively 
ro « after pofymerisarion and strong enough ro be machined after removal of me 
liquid carrier. 
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CO 



The firing tempemture and duration are selected according to the nature of the 
partides, e.g. alumina generally require* a higher sintering temperature than 
hydroxyapatite. 

in one more specific aspect the invention provides a method of making a porous article 
mposed of bonded particles, the method comprising the steps of: 

a) forming a dispersion comprising a liquid carrier and the particles and a 
polymerisable monomelic material; 

b) forming a foam of the dispersion; 

c) polymerising the foamed structure 

d) drying the structure to remove the liquid carrier and provide a solid 
article having pores derived from the bubbles, and 

e) firing the article to remove the organic binder and provide a ceramic 

bond. 

CantCri** in a... amah hubbies of gas are introduced in the dispersion with 
agnation ,0 form the foam and are allowed or caused to coalesce before ore 
polymerisation, and in mat the firing is carried on, at a temperature appropriate to the 
growth of bone cells. 



is a feature of mis invention to provide an article having a highly nncroporous 
arucmre if the steering procedure is controlled. This nncroporous structure can have 
advantages in certain applications e.g. it may be infilled with certain drugs such as 
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an.Mo.ics or grow* factors, * - - ■ £ — — — — ' » * 
it appears «o encourage «he easy anachmen. of hvgrowmg bone ceUs compared ,o a 

dense microstructure. 



THe formed art* may be in a variety of shapes, e.g. in me form of fannies, bars, 
cylinders or rods, blocks or the like. 

„ order m ^ invention ma, be wen understood h wifi now be desert by wa, of 
nation only by reference to .be Mowing examples and micrographs: 



Example I 



Hydroxyapatite powder, ammonium acrytate mooomec, memylenebisacry.amide, 

wM er tbe - <* ** * "^^^ 

were mbred together to fonn a starry which was subjeoted to a high shear mixer in 
orter ,„ remove an, agg.omera.es whhin ft. shrry. This was — .0 a glove 
te wKhin which me oxygen en.—, was approx. 0.1%. A surface, 
TERGfTOL TMN10 was imroduced into the slurry and ,he whole was agdated in a 
^ Signed . induce air so ftar a foam wfi, be formed. The amount by which 
fc oeramic soM is foamed is depots, on me final density required, me soMs 
content of the slurry a* me shrink which will occur a. me ,a.er smges of drymg 
md frtag. The amount of surfactant added determines .he extern of foaming, and ft* 
.as selected .0 achieve fte required final density. Once me foam density was 
achieved ammonium persulphate (mmamr) and .ennmemy.ethy.enediamme (caulyst) 




ft 
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were inierted h«o the foant ,o cause Ute ^ mounter ,o « ,o poiymertse. T* 



time before 



the omet of polymerisation was about 1 .5 minutes. 



me mixture was restod and aftowed to ^ M»— » H- » te — ' ' 5 
mmuK , A photo o f the t—e p^ced - - * " — " 

shown in Bgure 2. Once polarised the foam was reeved from the mou* and 
ahowed ,0 dry a, toon, rempercture fo, 2 days before bebtg forced dried a, 60" C . an 



oven. 



At this point * •'green- ceramic can ea* he machined ftno the desired shape. The 
^ was heated in a hunace .0 remove the organic hinder and to cause the 
—cure to den*. The San*, was split in rwo and fed a, rwo 

^.temperances. 

fred a.,250" C fo, 2 hta and . 350" C for 2 hrs tnspectiveiy « can be seen that the 
degre e of n— fura. —on can he justed whh the sintering colons. 

Samp,e , exhibits a high* «— — » ~ — * 
^yhasbeenremovedmsamp^. Live human hone ce»s were cuftwed Both 

^ , and 2 were frmne^d , *e Cures and figures ,he tesufts 

ate 36 hts ftmne^on fcr ^.1-2 respecnv*. The hone cefts can he « 
« on the s^faee of ,he cen w*. fiom these figures ft appears easier for .he 
tone t0 ^w within the undeleted uftc— than the fufty d— smtcpne. 



PCT/GB97/02705 
WO 98/15505 

13 

Example II 



The method of Example I was repeated except that the rate of addition of the initiator 
and the catalyst were selected so that the time before onset of polymerisation was 16 
nunutes instead of 1.5 minutes. A highly porous foam exhibiting a larger cell size as 
shown in Figure 7 resulted. It can be seen from the different Figures that the time 



before 



the onset of polymerisation has had a major influence on the cell structure. 



The Figures of the accompanying drawings are microphotographs as follows: 



Figure 1 is a general foam; 



Figure 2 is a foam produced in Example I taken after an idle time of 1.5 



minutes; 



Figure 3 is the polymerised foam of Example I fired at 1250°C for 2 hours; 
Figure4is the polymerised foamofExamplelfired at 1350°C for2hours; 

Figure 5 is the fired product shown in Figure 3 after being immersed in a bone 
cell culture for 36 hours; 
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Figure 6 is the fired product shown in Figure 4 after being immersed in a bone 
cell culture for 36 hours; and 



Figure 7 is the foam produced in Example II 
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CLAIMS 

1. A method of making a porous article composed of bonded particles (such as 
hydroxyapatite or the like) the method comprising the steps of: 

a) forming a dispersion comprising a liquid carrier and the particles and a 
polymerisable monomelic material; 



b) forming a foam of the dispersion; 



c) polymerising the foamed structure; 

d) drying the structure to remove the liquid carrier and provide a solid 
article having pores derived from the bubbles, and 

e) firing the article to remove the organic binder and provide a ceramic 
bond 

characterised in that small bubbles of gas are introduced in the dispersion 
with agitation to form the foam and are allowed to caused to coalesce before 
the polymerisation of the monomelic material. 

2. A method according to Claim 1, wherein the dispersion comprises particles 
having an average particle size less than 5 micrometres and preferably 95% of 
the particles are less than 2 micrometres. 
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3. A method according to Claim 1 or 2, wherein the particles are hydroxyapathe, 
oxides and non-oxides such as alumina, mullite, silicon carbide, silicon nitride, 
zirconia, titanium oxide; and the like. 



A method according to any preceding Claim, wherein the content of the solids 
in the dispersion is 10% to 90% by weight. 

A method according to Claim 4, wherein the content of solids is 40% to 80% 
by weight. 

A method according to any preceding Claim, wherein the liquid carrier is water 
or organic liquid or a mixture. 

A method according to any preceding Claim, including the step of adding a 
dispersing agent to the dispersion. 

I A method according to any preceding Claim including the step of controlling 
the onset of polymerisation by adjustment of the addition levels of the initiator 
and catalyst for polymerisation of the monomer. 

j A method according to any preceding Claim, wherein the onset of 
polymerisation is controlled by adjustment of the concentration of oxygen. 

10. A method according to Claim 8 or 9, wherein the period until onset of 
polymerisation is between an instantaneous polymerisation and 20 minutes. 



11. A method according to any preceding Claim, including the step of applying a 
partial vacuum to a foam before the commencement of polymerisation until 
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after the end of polymerisation, after which the foam is brought back to 
atmospheric pressure. 

12. A method according to any preceding Claim, wherein the product is subjected 
to drying and firing to form a porous ceramic article. 

13. A method according to Claim 12, including the subsequent step of growing 
bone cells in the porous ceramic product. 



14. A method according to Claim 12, wherein the ceramic article has pore sizes 
greater than 150 micrometres. 

15. A method according to Claim 12, including adding a drug to the pores of the 
article. 



16. A method of making a porous article composed of bonded particles, the 
method comprising the steps of: 

a) forming a dispersion comprising a liquid carrier and the particles and a 
polymerisable monomelic material; 



b) forming a foam dispersion; 



c) polymerising the foamed structure; 



drying the structure to remove the liquid carrier and provide a solid 
article having pores derived from the bubbles, and 
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e) firing the article to remove the organic binder and provide a ceramic 
bond 

characterised in that small bubbles of gas are introduced in the dispersion 
with agitation to form the foam and are allowed or caused to coalesce before 
the polymerisation, and in that the firing is carried out at a temperature 
appropriate to the growth of bone cells. 
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FIG. 3 




FIG. 4 



SUBSTITUTE SHEET (RULE 26) 
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FIG. 5 
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